graphene provides a low-cost and eco-friendly alternative to the etching of aluminum or copper. The high resistivity of graphene, however, sets a challenge for the antenna design. In practice, it has led to using very large antennas in the UHF RFID far field tags demonstrated before. Using inductive near field as the coupling method between the reader and the tag is an alternative to the radiating far field also at UHF. The read range of such a near field tag is very short, but, on the other hand, the tag is extremely simple and small.
I. INTRODUCTION
ADIO-FREQUENCY identification (RFID) is based on exploiting electromagnetic fields to transfer data wirelessly, for the purposes of automatically identifying and tracking tags attached to objects. The technology finds applications in many areas: supply chain management, inventory tracking, contactless payment etc. [1] [2] [3] . The elements of an RFID systems are transponders and a reader, which exchange information wirelessly. A passive RFID transponder consists of a microchip and an antenna. Ultra-high frequency (UHF, 860-960 MHz) RFID transponders with printed graphene antennas and read distances comparable with commercial RFID transponders have been demonstrated recently [4] [5] . Printed graphene-based antennas have several advantages such as low cost, chemical stability, mechanical flexibility, resistance against fatigue and eco-friendliness. For comparison, etching of metal is an environmentally unsafe process and the cost of silver ink strongly depends on the price Manuscript submitted Oct 20, 2018 ; revised Jan 10, 2019; accepted Feb 21, 2019. This work has been part of the Graphene Flagship project, which has received funding from the European Union's Horizon 2020 research and innovation programme under grant agreement No 785219. The partial funding level of bulk silver metal. The price of silver is very stable and is not expected to decrease in the foreseen future. The cost of graphene ink raw material is very low and the manufacturing process is simple and scalable. The cost can be estimated based on the complexity and scalability of the process and is expected to be much lower than that of commercially available silver inks.
UHF RFID transponders operate typically in the far field mode with electromagnetic waves propagating between reader and transponder antennas. This operation mode is optimal for applications for which long read distances (up to 10 meters) are required. However, there are applications in which RFID transponders do not need a long read range, for example tracking of small objects such as gadgets, pharmaceutical packages, bottles, cartridges or battery packs. For such applications, small size of a transponder is expected and the read range of under 0.5 meters can be accepted. Near field low frequency (LF, 125-134 KHz) and high frequency (HF, 13.56 MHz) RFID systems based on inductive coupling between reader and transponder antennas are commonly used in such applications today.
It has been demonstrated that the near field coupling can be utilised in the UHF frequency range as well [6] . In this case, magnetic (inductive) coupling or electric (capacitive) coupling can be employed between the antennas of a reader and a transponder. The utilization of near field UHF transponders allows the usage of a single UHF infrastructure for all needed RFID applications instead of the combination of UHF, LF and HF RFID systems. It saves the investments in tracking infrastructures considerably.
In this work, we present operational near field UHF RFID transponders with printed graphene antennas. The transponder is based on inductive coupling between the reader and the tag antennas. Because of the stronger inductive coupling at higher frequencies, magnetic UHF transponder has a single-loop antenna, which is much simpler and cheaper compared to LF/HF multi-turn antenna coils with a bridge between the first and the last turn. For mass-produced transponders in disposable applications, direct printing of carbon-based conducting materials is a sustainable and low-cost alternative, and the graphene-based printing ink offers a robust system with a reasonable conductivity. In practice, the inductive near field transponders are readable from very close distance also with far field antennas, which is due to the magnetic near field component of any practical antenna, but in order to achieve an ideal read range, special near field antennas should be used [6] . Even though referred commonly as "antennas", the near field antennas are not, in fact, antennas, but inductors. Instead of radiating, their purpose is to form a high-frequency magnetic field that is, at least close to the antenna, as uniform as possible. In practice, both the reader and transponder inductors at UHF frequencies are single-turn planar coils and therefore referred to as "coils" in the following. Electromagnetically, the reader coil and the transponder coil form a transformer with the power coupling efficiency Γ. If we assume that the impedance of the reader coil is conjugately matched to the RF output of the reader and that the transponder antenna is reactively matched to a chip, the coupling efficiency can be calculated [7] [8]:
where kc is the coupling factor between the coils, Qr and Qt are the Q values of the reader and the transponder coils, respectively. RIC is the series resistance of the microchip and Rt is the series resistance of the transponder coil. The coupling factor kc can be determined by the mutual inductance between the coils (M) and the self-inductances of the reader and the transponder coils Lr and Lt:
By simulations or measurements, kc can also be determined by using the inductance value of the primary coil in two cases: with the secondary coil shorted and the secondary coil left open. Using this method, kc becomes [7] :
where Ls i s t h e i n d u c t a n c e o f t h e p r i m a r y c o i l w i t h t h e secondary coil shorted and Lo the inductance of the primary coil with the secondary coil left open. As the transponder is a simple single-turn coil that is small compared to the wavelength, its Q value is equal to its inductive reactance divided by its series resistance:
where Xt is the inductive reactance of the coil, Rt is the serial resistance of the coil and f is frequency. Even though (1) defines the exact coupling efficiency, a more simple formula that is also a term of (1) can be used to define the figure of merit U for an inductively coupled system [8] [9]:
Additionally to the coupling factor and the Q values, the third term affecting the coupling efficiency is the impedance match of both the reader coil and the transponder. The reader coil is designed to provide a good match to the 50-Ohm RF output of the reader. The coil on the transponder side is designed to match the reactance of the microchip, but due to its simple structure, the real parts of the impedances are typically not matched.
The reactive matching on the transponder side is done by adjusting the circumference of the loop until its reactance has the same but opposite value as that of the microchip. For near field transponders with an aluminum antenna, the real part of the impedance remains lower than that of the microchip, but in the case of materials with higher resistivity, such as graphene, the real part can be significantly higher. This means that the Q value of the transponder as a coil remains low, which reduces the coupling efficiency as defined by (1) .
The transponder was designed with Ansys HFSS electromagnetic simulation tool. The simulation model shown in Fig. 1 comprises the transponder (gray, on top) and the reader coil. Impinj Matchbox™ was selected as the reader coil [10] . Matchbox contains a single-turn coil that is divided into four segments that are connected to each other with series capacitors. The capacitors shift the phase of the signal so that the structure, the circumference of which is already significant compared to the wavelength, produces a uniform magnetic field without radiating [11] . The simulation model shown in Fig. 1 contains two 50-Ohm lumped ports, of which port 1 is connected to the input of the transponder coil and port 2 is connected to the input of the reader coil. The power coupling F between the reader coil and the RFID microchip can then be calculated using the simulated S parameters of the ports: S11 and S21:
where Γ is the reflection coefficient at the RF input of the transponder and is calculated from the input impedance of the transponder coil Zt (= Rt + jXt) and the RF impedance of the microchip ZIC (= RIC + jXIC):
In order to evaluate only the power coupling efficiency between the coils (A), omitting the effect of the impedance of the microchip, a simplified form of (6) can be used: The design guideline of the inductive near field transponder is based on the round shape that is optimal in terms of generating magnetic flux that protrudes out of the coil. As stated above, the circumference of the transponder coil is determined by the required reactance, which, in turn, is defined by the input impedance of the microchip. The input impedance of the selected microchip, Monza R6 by Impinj, is (13 -j126) Ohms at 867 MHz, making the ideal transponder input impedance (13 + j126) Ohms. The input impedance of Monza R6 includes the effect of the estimated stray capacitance due to adhesive bonding, as specified by Impinj [12] . The width of the conductor affects the resistance of the coil and gets in this case relatively large -several millimeters -due to the low conductivity of graphene. In order to find the right reactive tuning and to study the effect of the conductor width, prototypes with different dimensioning were fabricated. The effect of the square resistance was also studied. Figure 2 shows the critical dimensions of the transponder and the position of the microchip (IC). The reactance of the coil was adjusted to be close to 126 Ohms at 867 MHz by varying the dimension dx. The simulation results of the transponders with different parameter values are listed in Table 1 ; the input impedance of the transponder Zt calculated from S11, the effect of the impedance mismatch as described by the term 1-|Φ| 2 of (6) and the overall coupling factor F as defined by (6) and (7). (7) for the cases of Table I as a function of frequency. Fig. 3 shows that, even though the reactances are matched, due to the poor match between the real parts of the impedance, the reflection coefficient remains high and only the curve of the highest-Q case (5 Ohms 7 mm) has a mild form of resonance. As the Matchbox reader antenna is, instead of a single inductor, a set of distributed inductors in series, unambiguous single inductance or respective Q value cannot be defined for it. However, the coupling factor kc between the coils can be determined using (3). In the simulations made to determine the values of kc, the transponder coil is used as the measured primary coil and the input of Matchbox is shorted and left open, as explained above. Table II lists the values of kc obtained this way for the same cases as introduced in Table I . Additionally to kc, the changing Q value of the transponder coil has its impact on the coupling efficiency. Therefore, the figure of merit as defined by (5) is studied here as well. As the Q value of Matchbox Qr is u nde f ine d b ut c o ns t a nt , Tab le II l is ts t he relative figure of merit . Table II lists also Qt as defined by (4) and A defined by (8) . The results of Table II verify that the relative figure of merit gives the same order of coupling efficiency between the cases as A. kc, instead, is mostly affected by the size of the transponder coil. 
A. Antenna fabrication
Antenna structures were deposited on flexible substrates by screen printing. Screen printing is a very high volume printing method that can produce thick structured layers with a resolution linewidth of about 100 µm that is sufficient for integration of even small discrete SMD components. Screen printing inks have a high viscosity and solid content, resulting in a thick film after drying. There are many graphene ink providers and the typical achieved conductivity for screen printed graphene-based conductors is 1-10 Ω/ with 1-3 screen printing passes. The graphene ink used was prepared by TU/e (Eindhoven University of Technology) and is printed as received. This type of printing paste is based on graphene platelets produced by intercalation and thermal expansion in an optimized process for producing a few-layer thick graphene particles suitable for formulation with a variable binder into a viscous dispersion by gelation [13] [14] [15] . Only the graphene platelets contribute to the conductivity and thus the operation of the antenna, and the electrical conductivity of the printed structures used in this work is used as an input for the design modelling. The ink is compatible with plastic substrates and thus the antenna structures were printed on polyethylene terephthalate (PET), polyethylene naphthalate (PEN), polyimide (PI) and paper (Lumisilk) substrates. A laboratory scale printing device (EKRA E2) shown in Fig. 4 was used for printing. The device is equipped with a camera, which allows multilayer printing. The screen used has a mesh of 78 stainless steel threads per cm (200 threads per inch), open area of 47% and a theoretical ink transfer volume of 54 ml/m 2 . Three layers of graphene were printed with a drying step (100 °C, 10 minutes) in a hot air oven after each printing repetition. For high-throughput printing, a single print layer is desired. Furthermore, multilayer printing increases the risk of shorts in particular where small components are attached, due to mismatch between the layers. The lateral rigidity of the substrate also determines how small structures can be printed in multilayers, since thermal relaxation occurs in most of the flexible thin film materials. The printing layout contains a range of dimensional variation for the antenna structures, with a varying gap for the chip integration and varying antenna structure dimensions, the most sensitive being the conctact pads where the chip is attached; the contact dimensions and the gap between the contacts is less than 200 µm and the chip size less than 500 µm. In order to further increase the conductivity of the printed graphene, the PI samples were annealed at up to 320 °C for 36 minutes. Due to the good conductivity results of thermal annealing, the PI samples were used for the final chip integration. For the rest of the substrates that are more temperature-sensitive, photonic annealing could be used [5] . The annealing removes some of the electrically insulating binder from the ink, leaving a higher fraction of conductive graphene in the printed structure. However, after annealing, the layer is porous due to the binder removal and the sample was compressed using a compression roller system (4 passes, 80 bar, 2 m/min) [15] . The conductivity increases significantly with each process step; the triple-layer printed structure has a sheet resistance of 135 Ω/ while the annealed and compressed structure has a sheet resistance of < 10 Ω/ , which is a suitable conductivity level for the antenna modelling, thus justifying the extra processing steps. The fabricated prototypes of graphene near field UHF RFID antennas with different dimensioning are shown in Fig. 5 . 
B. Antenna and RF chip integration
A challenge of combining any graphene-based elements, in our case antennas, with conventional electronics is about forming an electrical connection between two dissimilar materials: printed graphene and metal. In former publications about implementing RFID transponders with graphene-based antennas, this has been typically solved by using an aluminumor copper-based strap that is glued with conductive silver-based adhesive to the graphene antenna. [4] [5] . The problem with such an implementation is that the process needs more steps and individual parts than the conventional way of producing an RFID transponder. Consequently, it does not bring the whole potential of cost-savings and eco-friendliness of a graphenebased transponder into action. Therefore, in this work, the goal was to develop a process based on conductive adhesives for attaching the RFID microchip into a graphene-based antenna. For the bonding process, rough and non-uniform surfaces of printed graphene is a challenge. High and anisotropic resistivity of graphene also increases the contact resistance as the contact area of the microchip is small.
The assembly of chips for RFID transponders in high volumes is usually based on the use of adhesives: anisotropic conductive adhesive (ACA) or Isotropic conductive adhesives (ICA). The ACA contains small amounts of conductive sphere particles dispersed in a polymer matrix. Therefore, the ACA is not conductive in the horizontal plane, eliminating the risk of short-circuits. The processing is started by dispensing the adhesive onto the chip area. Then the chip is aligned with the pads of the substrate and pressed down at a certain temperature. The temperature depends on the substrate and the adhesive. The curing time is also short, typically ~10 s. The ACA suits well to mass production and for fine-pitch applications. The thermocompression of chips is typically done in a batch process, which further speeds up the assembly.
ICAs, made up of a composition of polymer resin and conductive silver fillers, provide electrical conductivity in X, Y and Z directions when the silver flakes pack together due to the shrinkage of the ICA after being cured [16] . ICA allows higher conductivity due to higher filling load of highly conductive Ag flake-shaped particles, but they request wider pitching for chips. ICAs are preferable for applications in which pitches are not critical but higher conductivity of the contact is required.
The electrical resistance of the adhesives is in a range of 4 µΩ * m. For comparison, the electrical resistance of typical solder materials, such as PbSn or SnAgCu with different compositions, is in the range of ~0.1 µΩ * m. Although the electrical resistance is higher in the case of adhesives, they provide other benefits over solder materials. For example, the processing temperature is lower than that of solders. Additionally, the maximum curing temperature can be tuned, which enables the use of variety of substrate materials. For example, the melting temperatures of eutectic PbSn and SnAgCu are 183 and 217-220 °C, respectively. In practice, the maximum temperature during soldering is typically 30-50 °C higher than the melting temperature. The final properties of adhesives are achieved by curing (i.e. by cross-linking of polymer chains). Different adhesives are cured in different ways, although heat is the most common one. For example, the curing temperature for H20E can vary from 80 to 175 °C. The duration is then varied from 3 h to 45 s, respectively. Due to these benefits, conductive adhesive was selected for this case. To day , c hip as s e mb ly w ith A CA o n P ET s ub s trate is t he standard technology for mass production of RFID tags and the use of ACA on e.g. paper substrate has also been successfully demonstrated [16] [17] .
Monza R6 chip has a rectangular shape with the outer dimensions of 464.1 μm x 442 μm. The chip has two metal pads for antenna connection. The size of the pads is 166 μm x 422 μm with a spacing of 112 μm between them. The bonding pads are large enough, allowing the use of ICA instead of ACA for better electrical contact between a chip and a graphene antenna.
The isotropically conductive adhesive Epotek H20-E was manually dispensed onto the pads of the chip. The chip was then flip-chipped onto the graphene antenna with Finetech Fineplacer flip-chip bonder. The antenna printed on polyimide (PI) was kept at the room temperature. The chip was aligned to the proper area of the antenna using a camera alignment system. The alignment accuracy with the bonder is in the range of a few micrometers, which was adequate in this case. The assembled transponder was then placed into a drying oven at the temperature of 100 °C for 30 min. The adhesive changes into electrically conductive during this drying step. The obtained connection between the chip and the graphene antenna is mechanically strong. A photograph of the assembled module is shown in Fig. 6 . In order to evaluate the feasibility and the electrical characteristics of the different ways of attaching the microchip to the antenna, prototypes were made with three attachment methods: an aluminum strap glued with silver lacquer, the microchip attached directly with silver lacquer and the microchip attached with ICA glue.
IV. RESULTS AND DISCUSSION
The fabricated tag prototypes were measured using Voyantic Tagformance™ UHF RFID characterization system with an Impinj Matchbox near field reader antenna [10] [11] . The measurement setup inside the anechoic cabinet of the system is shown in Fig. 7 . Even though echoes are not that critical for a near-field system, the Faraday-cage shielding from external signals is important. On the Impinj Matchbox antenna (black) there is a 10 mm spacer of Styrofoam (blue) to maintain a constant distance between the measurement antenna and the tag under test. The measurement setup is similar to the simulation model shown in Fig. 1 . In the measurement, the activation level of the transponder is measured as a function of frequency [18] [19] . Although in an inductive near field system the maximum reader power is not restricted similarly to radiating systems, the maximum power specification of the reader antenna sets the limit to +30 dBm (1 W) of conducted power [10] . Therefore, in the following, the sensitivity of the prototypes is evaluated in terms of the power marginal that is the difference between the needed activation level and the maximum allowed +30 dBm. In order to compare the simulation and measurement results, the power needs to be defined similarly for the two. This is achieved by defining the 50-Ohm input port of the antenna as the reference point of the RF power. In the simulations, the power marginal AM is then defined in dB form:
where F is the power coupling coefficient as defined by (6) and (7), Ptx max is the maximum RF power (+30 dBm) and Psens IC is the wakeup (read) sensitivity of the microchip, -20 dBm for Monza R6 [12] . The corresponding power marginal can be calculated from the measurement results:
where Lcirc is the attenuation of the circulator between the RF output of the Tagformance device and the Matchbox antenna and Lcable is the attenuation of the coaxial cables and connectors between the circulator and the Matchbox antenna. Ptx is the RF output power of the Tagformance device that is recorded as a function of frequency during the measurement. The value of Lcirc, as given by the specification of the device, is -0.2 dB and that of Lcable, obtained by a measurement, is -1.4 dB. The different prototypes fabricated and measured are shown in Fig. 8 . Two conductor widths, 7 mm and 4 mm, and three methods of attaching the microchip to the coil: strap with silver lacquer, chip directly attached with the same lacquer and chip directly attached with ICA, have been studied. The prototype on the top left has a 7 mm wide conductor and a strap-attached microchip (series "7 mm strap"). The prototype on the top right has a 7 mm wide conductor and a microchip attached directly with silver lacquer ("7 mm silver"). The one on the bottom left has a 4 mm wide conductor and a microchip attached with a strap ("4 mm strap"). The one on the bottom right has a 4 mm wide conductor and a chip attached with ICA ("4 mm ICA"). The outer dimensions of the tags in mm are 27 * 24.5 ("7 mm strap"), 29.5 * 24.5 ("7 mm silver"), 21 * 18.5 ("4 mm strap") and 21 * 18.1 ("4 mm ICA"). Fig. 9 shows the measured power marginal AM as a function of frequency for the transponders of Fig. 8 at the distance of 10 mm from the surface of Matchbox reader coil. The operation band specified for Matchbox is 865…956 MHz, which should be taken into account when analyzing the results. The measurement result of a commercial aluminum-based near field UHF RFID transponder, "UPM Trap" is also included for comparison [20] . The dashed lines represent the simulation results for the 4 mm wide conductor with two values of square resistance of graphene: 5 Ohms and 10 Ohms. The challenge of the electromagnetic modelling of graphene is about printed graphene being an anisotropic material, the conductivity of which is higher in the horizontal direction. The DC measurement made on the surface of the printed graphene has showed square resistance values slightly lower than 10 Ohms, but as the material defined in the simulation model is homogeneous and isotropic, the two values have been studied by simulations. Another thing that is difficult to model is the contact resistance that depends on the attachment method of the microchip. A strap with silver lacquer forms a big contact area (2 * 3.5 mm 2 ) with a lower series resistance, whereas the direct gluing with ICA forces the RF current to flow through very small area (166 μm x 422 μm) of high-resistivity graphene, resulting in high contact resistance. In terms of the contact resistance, the direct attachment with silver lacquer (case "7 mm silver") lies between these two. The anisotropic nature of graphene relates also to the contact resistance, since, depending on the attachment method, the portion of the current flowing in the vertical direction varies. Geometrically, the simulation model is closest to the ICA bonded case.
Based on the maximum variation in a repeatability test with ten measurements for each case, with the transponder repositioned between the measurements, the repeatability is +/-0.5 dB over the whole frequency range. According to measurements, moving the tag horizontally 5 mm from the middle produces a maximum attenuation of 1.0 dB (+/-0.5 dB) within the 865…956 MHz operation band of Matchbox. One can conclude from Fig. 9 that there is a sufficient power marginal available for all of the tags measured. Comparing the graphs "7 mm strap" and "4 mm strap" shows that the wide conductor gives better sensitivity due to lower resistive losses, as expected. The comparison of "7 mm strap" with "7 mm silver" shows the difference between the attachment methods, as does the comparison between "4 mm strap" and "4 mm ICA". The results confirm that, in terms of the increasing contact resistance, the order of the attachment methods is strap, silver lacquer and ICA. However, there is still a good power marginal of 19 dB at the frequency of 867 MHz with the ICA-bonded prototype. The curves of the magnetic field intensity as a function of distance for Matchbox predict this marginal to equal the read range of about 40 mm from the surface of Matchbox, whereas for a typical patch antenna the equivalent read range is about 90 mm [10] .
Of the prototypes with a 4 mm wide conductor, the one with the ICA contact is between the lines of the simulation results, showing that if the effective square resistance would be adjusted to match the measurement result, the value would be between 5 Ohms and 10 Ohms, but closer to 5 Ohms. The measurement curves bending differently to the simulated ones close to the 800 MHz end may be related to the limited bandwidth of Matchbox. The commercial transponder, "UPM Trap" shows larger marginal that is better sensitivity than the graphene prototypes, even though it uses a less sensitive microchip (Monza 3). The shape of its curve also shows higher Q value than any of the graphene transponders, which was expected due to its aluminum conductor.
Additionally to a simple and straightforward structure, the size of an antenna is an important parameter when aiming at low-cost production. A UHF near field transponder combines these two properties. The size benefit of a near field UHF transponder is especially true for graphene-based transponders, for which implementing an efficient far field antenna requires a very large conductor area. [4] [5] This is due to the low conductivity of graphene, which also affects the performance and size of a near field transponder. However, the conductor area of a near field transponder as well as the absolute size remain moderate. Even though the read range of a near field transponder is clearly shorter than that of a far field tag, a short and well-defined read area is a benefit in many applications. The combination of a short read range and a small, low-cost transponder makes the graphene-based near field transponder an ideal solution for item-level tagging of small objects.
V. CONCLUSION
Near field UHF RFID transponders with a screen-printed graphene antenna were designed, fabricated and tested. All of the transponder prototypes fabricated were proven operational with a fair power marginal. The fabrication method, particularly the bonding of a chip to a printed graphene antenna is based on already-existing industrial processes, which makes the concept viable also commercially. The approach demonstrated here encompasses an industrially relevant printing technique, postprocessing methods compatible with roll-to-roll manufacturing paradigms and temperature sensitive flexible substrates. His research interests and expertise include RFID systems, electronics, wireless and applied sensors, antennas, electromagnetic modelling and RF electronics. He has e.g. developed RF parts for RFID systems and designed antennas for both scientific use and commercial products. Antennas designed by him can be found in several commercial RFID transponders. He has authored and coauthored 20 peer-reviewed journal and conference articles and he holds 10 patents as an inventor or a co-inventor.
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